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The MotA/MotB proteins serve as the motor that drives bacterial flagellar rotation in response to the proton motive force (pmf). They
have been shown to comprise a transmembrane proton pathway. The ExbB/ExbD/TonB protein complex serves to energize transport of iron
siderophores and vitamin B12 across the outer membrane of the Gram-negative bacterial cell using the pmf. These two protein complexes
have the same topology and are homologous. Based on molecular data for the MotA/MotB proteins, we propose simple three-dimensional
channel structures for both MotA/MotB and ExbB/ExbD/TonB using modeling methods. Features of the derived channels are discussed, and
two possible proton transfer pathways for the ExbBD/TonB system are proposed. These analyses provide a guide for molecular studies aimed
at elucidating the mechanism by which chemiosmotic energy can be transferred either between two adjacent membranes to energize outer
membrane transport or to the bacterial flagellum to generate torque.D 2003 Elsevier B.V. All rights reserved.Keywords: Bacterium; Proton channel; Motility; Outer membrane transport; Energization; Molecular modeling1. Introduction
Many species of bacteria are propelled by flagella, thin
helical filaments that are energized by a reversible rotary
motor [1–3]. Unlike eukaryotic flagella, which are powered
by nucleoside triphosphate hydrolysis, bacterial flagellar
motors are powered by the electrochemical gradients of
protons [4–9] or sodium ions [10–15] across the cytoplas-
mic membrane of the cell. Numerous mechanisms have been
proposed for the flagellar motor over the years, but there is
still too little information to decide among them [2,9,16,17].
The proteins most closely involved are MotA, MotB and
FliG.
MotA and MotB (PomA and PomB for the Na+-driven
motor in Vibrio alginolyticus) [18] are integral membrane
proteins that are believed to comprise the torque generator
and form the proton (or sodium) channel [8,17,19–23].
MotA (PomA) has four hydrophobic segments, each travers-
ing the membrane [24]. The three cytoplasmic domains of
MotA contain about 190 of the nearly 300 residues of this0005-2736/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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E-mail address: msaier@ucsd.edu (M.H. Saier).protein, whereas the periplasmic loops are short, each of
about 10 residues. Mutations in the transmembrane regions
severely impair H+ or Na+ conduction [25]. MotB (PomB) is
also part of the transmembrane proton (sodium ion) channel
but traverses the membrane only once [17,26]. Unlike MotA,
the bulk of MotB is periplasmic and is believed to anchor the
motor to the peptidoglycan layer [27,28]. MotA and MotB
and their homologues have together been classified as H+- or
Na+-translocating channel-forming constituents that com-
prise the bacterial flagellar motor (Mot) family (TC
#1.A.30.1) [29–31]. The MotA/B heterooligomeric com-
plex, with a possible stoichiometry of (MotA)4(MotB)2
[32,33], is distantly related to the TonB-ExbB-ExbD and
the TolA-TolQ-TolR complexes of outer membrane transport
energizers (the Exb family; TC #1.A.30.2) ([34–36], and see
below). Homology between the MotAB, ExbBD and TolQR
systems is well established [30,34–36].
Homologues of TonB protein complexes have been found
widely distributed among Gram-negative bacteria. They
energize the active uptake of iron obtained from mammalian
iron-binding proteins [37–40], iron chelated to heme
[41,42], iron siderophores [43] and vitamin B12 [44,45]
across the outer membranes of Gram-negative bacteria. They
also mediate drug and solvent tolerance [46,47] and have
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TonB, ExbB and ExbD are three components of the multi-
meric TonB-dependent energy-transducing system [49–51],
present in stoichiometries of about 1:7:2 [52]. According to
the available experimental evidence, the energized TonB
protein physically contacts a ligand-bound outer membrane
receptor and transduces energy from ExbBD, inducing a
conformational change in the outer membrane receptor
[38,53–55]. This process results in release of the ligand into
the periplasm of the cell and causes accumulation against
large concentration gradients, up to at least 1000-fold [56–
59]. ExbB is predicted to span the cytoplasmic membrane
three times with its N terminus and a short loop located to the
periplasm [35]. Most of the protein is localized to the
cytoplasm [60]. ExbD has a single N-terminal transmem-
brane domain consisting of its signal anchor, but most of the
protein is in the periplasm [61].
ExbB and ExbD of E. coli are encoded within the exbBD
operon. Mutations in either gene produce the same pheno-
type, namely, loss of about 90% of the energy-transducing
activity of the TonB-dependent system [62–65]. Mutation of
D25 in ExbD completely eliminates activity of the complex
[65] while an H10R mutation in TonB substantially reduces
activity [66]. The two Exb proteins together contribute to the
stability of TonB [62,64,67] and, therefore, these three
proteins are presumed to interact directly.
TolA/TolQ/TolR systems are homologous to the TonB/
ExbB/ExbD systems, but they energize a different set of
putative outer membrane receptor porins. They promote
detergent and bile salt resistance as well as outer membrane
stability, and they have been parasitized for the translocation
of group A colicins and filamentous phage DNA into the cell
[68–70]. Their mechanism of action is undoubtedly compa-
rable to that of the TonB–ExbBD systems although little
experimental data bear on this postulate [71]. Additional
proteins may play important roles in the energy transduction
process [68,70].
Arriving at a molecular model for the ExbB/ExbD/TonB
energy transduction complex and understanding the mech-
anism by which outer membrane receptor activities are
regulated are important research goals [38,49]. Establish-
ment of homology between the MotA/MotB system, the
ExbB/ExbD/TonB system and the TolA/TolQ/TolR system
provides a reference point for designing a model and
proposing common features. Although neither an X-ray
nor an NMR structure of the MotA/MotB complex is
available, molecular genetic and biochemical experiments
have provided evidence for essential features of the channel
structure [19,20,31,72,73]. For example, because of the
large size and moderately hydrophobic character of the
tryptophan side chain, Sharp et al. [72,73] used systematic
tryptophan mutagenesis of the five membrane-spanning
segments of MotA/B to gain evidence for their interactions.
Tryptophan residues were introduced at consecutive posi-
tions in each of the hydrophobic transmembrane helices,
and the effects on function were measured. Using thisapproach, these investigators identified the lipid-facing parts
of each helix.
As noted above, some evidence suggests that the MotA/
MotB (PomA/PomB) complex might be a heterohexamer of
(MotA)4(MotB)2 composition [32,33,74]. Evidence for two
channels in the complex has been presented [32] suggesting
that the functional H+ transporting unit might have a
(MotA)2(MotB)1 stoichiometry. Both MotA subunits proved
to be required for the functional association with MotB [33],
but the basis for the requirement for both MotA subunits has
not been established.
Three possibilities can be considered: (1) Both MotA
subunits together with one MotB subunit contribute to the
formation of a single transmembrane proton pathway (the H+
channel). (2) Only one MotA subunit is required with a
MotB subunit to form the H+-translocating channel, and the
second MotA subunit served a structural role to maintain the
stability and/or functional conformation of the first MotA
subunit. (3) Both MotA subunits contribute to the H+ flux but
in an alternating site type mechanism [75] whereby the two
MotA subunits functionally interact with the MotB subunit
sequentially but not simultaneously. Either possibility (2) or
(3) requires that the H+ pathway be formed at the interface of
a single MotA subunit and a single MotB subunit. This is the
simplest model currently available, and the one we have
adopted for molecular modeling purposes.
Based in part on the published results and the consider-
ations cited above, we have proposed a simple structure for
the functional unit of MotA/MotB using modeling methods.
We have assumed that the ion channel is formed at the
interface of one MotA subunit and one MotB subunit. Our
theoretical structure was then used as the template for
designing a structural model for ExbB/ExbD/TonB. Using
this model, we have proposed general features of two
potential cation channels through the ExbBD/TonB complex.2. Methods
Pair-wise sequence alignments were generated using the
Genetics Computer Group (GCG) GAP program [76]. Com-
parison scores, expressed in standard deviations (S.D.), were
calculated using this program with 500 random shuffles.
Multiple sequence alignments were generated using the
Clustal X program [77] and confirmed with other programs
[78,79]. Similarity, searches against the NCBI database were
performed using the PSI-BLAST [80] program with a cutoff
point of 0.001 and with iterations to convergence.
The initial backbone structure of MotA/MotB, that is, the
arrangement of the five helices in the helical bundle, was
based largely on the results of Sharp et al. [72,73]. The
structure was refined by energy minimization (ME) and
molecular dynamics (MD) using the InsightII program,
Discover (version 98.0, Molecular Simulation Inc. (MSI)).
This procedure allowed us to define the best possible
orientation of the helices relative to each other as well as
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Simulation was performed in vacuo with a dielectric constant
of 4 using the consistent valence force field (CVFF). The
protein was kept neutral during the structural refinement
procedure. All of the ionizable amino acyl residues were
maintained in their unionized forms as outlined by Lin and
Yan [81]. Structural refinement procedures were as follows:
(1) Poor contacts were eliminated by a 100-step steepest
descent ME followed by a 1000-step conjugated gradient
ME. (2) MD was performed at 600 K for 10 ps, and a local
minimum structure was selected near the end of the trajec-
tory for optimization by 1000-step conjugated ME. (3) Steps
(1) and (2) were repeated at lower temperature intervals of
100 K to a final value of 300 K. (4) The final structures were
optimized with conjugated gradient ME and a convergence
criterion of 0.05 kcal/mol [81,82]. The structure of ExbB/
ExbD/TonB was based on that obtained for MotA/MotB
with structural refinement procedures similar to those used
for MotA/MotB.
Without constraints, the structure would be destined for
denaturation because the ME and MD simulations were not
conducted under native conditions in the presence of a lipid
bilayer, an aqueous solution or other potentially important
factors. To prevent the helix bundle from disintegrating at
high temperatures, the polypeptide backbone atoms were
subjected to a harmonic force field during the entire refine-
ment procedure. The force constant was reduced gradually
from the first to the last MD run. A hydrogen bond restraint
was also used in the modeling calculations. Relatively strong
distance restraints were imposed to maintain proper geom-
etry for i, i+ 4 hydrogen bonds. The distances between the
carbonyl oxygens of residues i and the backbone nitrogens of
the amide protons of residues i + 4 were constrained to a
range of 2.7–3.2 and 1.8–2.3 A˚, respectively, for the
segment of an a-helix.Fig. 1. Membrane topology of the MotA/MotB and ExbB/ExbD/TonB
proteins. OUT and IN stand for the periplasm and cytoplasm, respectively.
The dotted line shows the portion of MotA which is absent in TonB plus
ExbB. N, N terminus; C, C terminus.3. Results and discussion
3.1. Homology between MotA/MotB and ExbB/ExbD/TonB
Although the MotA/MotB proteins and the ExbB/ExbD/
TonB proteins have very different biological functions, they
nevertheless have several functional and structural character-
istics in common. First, these two systems are integral
membrane proteins that presumably comprise a proton
channel. The energy generated by transmembrane proton
flux is used by MotA/MotB to rotate the flagellum or by
ExbB/ExbD/TonB to import iron siderophores and vitamin
B12 (see Introduction). Second, although the sequences of
these two systems are strikingly divergent, they exhibit
sequence similarity and are probably homologous [34–36,
see below]. Of particular note, the most conserved and
functionally important transmembrane helices 3 and 4 in
MotA are similar to helices 2 and 3 of ExbB. Third, the
largely conserved residues in MotA (P173, G176, G183,A205, T209 and G212) are also conserved in ExbB. Fourth,
binary comparison scores obtained when these two trans-
membrane helices were compared using the GAP program
[76] with 500 random shuffles gave comparison scores of
about 6 standard deviations (S.D.). When the entire regions
of homology for the E. coli MotA and the Pseudomonas
syringae ExbB proteins (encompassing the three common
TMSs and the intervening loops) were compared using the
same method, a comparison score of 9.5 S.D. was obtained.
These results show that MotA and ExbB are homologous to
each other and therefore share a common evolutionary
origin. Fifth, the only transmembrane helix in MotB exhibits
sequence similarity to that of ExbD. The fully conserved
aspartate at the N terminus of the MotB transmembrane helix
is also fully conserved in the corresponding region of ExbD.
Sixth, in addition to the sequence similarity between the
transmembrane helices of MotA/MotB and ExbB/ExbD, the
membrane topology of MotA/MotB is the same as that of
TonB/ExbB/ExbD (Fig. 1), and the extramembrane domains
exhibit size similarities. For example, the bulky C terminus
and the loop region between helices 2 and 3 in MotA are
localized to the cytoplasmic side of the membrane while the
short loop between helices 1 and 2, as well as that between
helices 3 and 4, are localized to the periplasmic side of the
membrane. Although there are only three transmembrane
helices in ExbB, the membrane topology is similar to that of
helices 2–4 of MotA. Although there is no direct evidence in
favor of the postulate, the single transmembrane helix of
TonB may replace transmembrane segment 1 (TMS1) in
MotA. The large loop between helices 1 and 2 of ExbB, the
C terminus localized to the cytoplasmic side of the mem-
brane, and the short loop between helices 2 and 3 in the
periplasm all resemble these features in MotA. The TMSs in
MotB and ExbD both have their N termini localized in the
cytoplasm, with the bulk of the proteins localized to the
periplasmic side. Finally, both complexes have a total of five
TMSs with the same orientation in the membrane. It is
therefore reasonable to suggest that MotA/MotB and
ExbB/ExbD are similar in biochemical function.
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brane a-helices of MotA/MotB and of ExbB/ExbD are
presented in Fig. 2. Conserved residues are presented in
bold print. Helix 3 of MotA and helix 2 of ExbB as well as
Helix 4 of MotA and Helix 3 of ExbB show significant
sequence similarity. The largely conserved P173, G176,
G183, A205, T209 and G212 in MotA (amino acyl residues
are indicated according to their sequence number in MotA
from E. coli) are conserved in ExbB. Using these two helices
in any one of these proteins, all of the others can be retrieved
with a single PSI-BLAST iteration [80]. The sequence
similarities between the transmembrane helices of the MotB
and ExbD proteins are also significant. The fully conserved,
functionally important Asp residue at the N-terminal region
in all MotB and ExbD proteins is particularly worthy of note.
F34 is conserved in most of the ExbD proteins, although it is
replaced by other hydrophobic residues in some homo-
logues. The similarity between helix 2 of MotA and helix
1 of ExbB is minimal, with only three conserved hydropho-
bic positions being found. We therefore conclude that this
transmembrane helix is of little importance to the proton- 
Fig. 2. Partial multiple sequence alignments for the transmembrane a-helices of M
ExbD/TonB complex of E. coli) are derived from the proteins we chose for modeli
the top line of each alignment are the residue numbers in ExbB/ExbD/TonB of E
chosen are displayed in the right-bottom cell.conducting function of either complex; it may serve a
structural role.
There is no evident sequence similarity between the only
transmembrane a-helix in TonB and the first TMS of MotA.
Conserved residues in this helix of MotA are all Gly residues.
The well-conserved residues in the single TMS of TonB are
S16 and H20, both on the same side of the presumed
transmembrane a-helix. They are probably adjacent to each
other in the intact protein complex and may comprise part of
the proton pathway.
3.2. General features of the transmembrane bundle of
MotA/MotB
Fig. 3 shows the general shape of the five transmembrane
a-helices of MotA/MotB predicted using the modeling meth-
ods described in Methods. The channel structure is asym-
metric. TheMotB TMS is associated with the TMSs of MotA
but is tilted relative to them with its cytoplasmic end embed-
ded in the complex. This asymmetry may be important to the
torque-generating function of the MotA/MotB channel, 
otA/MotB and TonB/ExbB/ExbD. The shaded sequences (from the ExbB/
ng. Well-conserved residues are displayed in bold print. The numbers above
. coli (the shaded sequences). The organisms from which the proteins were
Fig. 4. Polar amino acyl residue side chains in the five TMSs of MotA/
MotB. Most of these residues are located in the upper or bottom portion of
the channel.
Fig. 3. The general shape of the five transmembrane a-helices of MotA/
MotB. Helices 1–5 correspond to the four MotATMSs and one MotB TMS,
respectively.
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membrane, inducing conformational changes in the protein
complex as Asp-32 in MotB is sequentially protonated and
deprotonated [36,83]. The inward tilt of this segment might
form a constriction that controls ion conductance and pro-
vides a basis for ion (H+ or Na+) selectivity [10,15,25].
Helices 1 and 2 of MotA tilt slightly inward on the
periplasmic side of the bundle, whereas helices 3 and 4 tilt
slightly inward on the cytoplasmic side of the bundle. Helix
1 is located relatively far from the other four helices; this is in
good agreement with experimentation [72] showing that the
protein is still functional when several of the residues in this
helix are mutated.
All of the side chains of the conserved residues marked in
Fig. 1 face inward except for Phe41 of MotB. Phe41 is only
partially conserved in the MotB and ExbD proteins and is
sometimes replaced by other hydrophobic residues [84]. This
residue may not be important for proton conduction, but it
might play a structural role.
Most of the polar amino acyl side chains face the center of
the helical bundle. These residues may act as H+ donors or
acceptors, and almost all of these residues are located at the
upper or bottom portion of the channel (Fig. 4). Among them,
only D32 and T209 are fully conserved. There are many
small-sized amino acyl residues such as Gly and Ala in the
middle region of the protein, and most of these face inward.
They may provide space for water molecules that could
facilitate the passage of protons through the membrane.
3.3. General features of the TM bundle of ExbB/ExbD/TonB
Fig. 5 reveals the general shape of the modeled channel of
the ExbB/ExbD/TonB protein complex. As for the MotA/MotB protein complex, the only helix of ExbD tilts inward
on the cytoplasmic side of the channel. Fig. 6 shows the
conserved amino acyl residues in the ExbB/ExbD/TonB
complex. In ExbB, these residues are P141, G144 and
G151 in helix 3 and A177, T181 and G184 in helix 4. In
ExbD, these residues are D25 and F34. In TonB, the
conserved residues are H20 and S16 (see Fig. 2). All of
these residues except F34 in ExbD face inward and may be
important to the function of the channel. F34 and other
hydrophobic residues may be important for structure. T181
and D25 are the only two polar residues that could serve as
proton donor/acceptors. In ExbB/ExbD/TonB and MotA/
MotB, T181 and T209, respectively, are localized to the
upper middle of the channel. Experiments have shown that
this conserved residue is important for H+ conduction in
MotA and for Na+ conduction in PomA [31]. D25 in ExbD
(D32 in the E. coli MotB) is located on the cytoplasmic side
of the channel and is fully conserved. It is essential for the
function of MotA/MotB [85]. For example, mutation of D32
to N32 in MotB abolished function altogether. This aspartyl
residue might serve as a donor in proton transfer to a
neighboring residue on the cytoplasmic side of the mem-
brane in both of MotA/MotB and ExbB/ExbD/TonB. Alter-
natively, if the inward tilt of ExbD forms a constriction
needed to make the channel specific for protons, the aspartyl
residue would be a good candidate for the group that in part
Fig. 5. The general shape of the modeled channel of the ExbB/ExbD/TonB
proteins. The upper two figures are the channel seen from two different
viewpoints. The lower figure is the channel viewed from above. The numbers
in parentheses correspond to the helix numbers indicated for the MotA/B
complex in Figs. 3 and 4. T, top; B, bottom.
Y.F. Zhai et al. / Biochimica et Biophy206confers proton specificity. Possibly relevant to the mecha-
nism of action of the motor, protonation of D32 in MotB has
been shown to generate a conformational change in the
cytoplasmic loop between helix 2 and helix 3 of MotA [36].Fig. 6. Conserved residues in the TMSs of the ExbB/ExbD/TonB complex.
These residues are P141, G144 and G151 on helix 3, A177, T181 and G184
on helix 4, D25 and F34 on helix 5, and H20 and S16 associated with helix 1.3.4. Polar residues in ExbB/ExbD/TonB
Fig. 7 shows the residues that have polar hydrogens in the
five TMSs of the ExbB/ExbD/TonB complex. Among these
residues, 8 out of 15 have side chains facing inward. These
residues are S16, H20, K24, T148, S155, T181, D25 and
D44. The functionally important T181 and D25 are included.
Some of these polar residues may be important for trans-
locating protons from the periplasm of a Gram-negative
bacterial cell to the cytoplasm.
3.5. Proposed pathway for H+ transport in ExbB/ExbD/TonB
Integral outer membrane receptors for iron chelates and
vitamin B12 mediate accumulation against large concentra-
tion gradients in the periplasm [38,45]. The proton motive
force (pmf) across the inner membrane provides the energy
for periplasmic accumulation, and energy transduction is
mediated by the ExbB/ExbD/TonB complex (see Introduc-
tion). From the analysis of its distant homologue, the
MotA/MotB complex, and the presence of conserved
small amino acyl residues, we suspect that water mole-
cules located inside the channel are necessary for proton
transport.
Fig. 8 provides one proposed pathway for H+ transport in
ExbB/ExbD. The important residue side chains are all
localized to three TMSs, namely helix 3 (the second TMS
of ExbB), helix 4 (the third TMS of ExbB) and helix 5 (the
only TMS of ExbD). These three TMSs exhibit high simi-
larity to their counterparts in the MotA/MotB system.
sica Acta 1614 (2003) 201–210Fig. 7. Polar residues in the TMSs of the ExbB/ExbD/TonB complex. These
residues are T13, S16 and H20 in helix 1; K24, S34 and T37 in helix 2;
T148 and S155 in helix 3; E176 and T181 in helix 4; and D25, T42 and
D44 in helix 5.
Fig. 9. An alternative H+ transport pathway involving TonB as well as
ExbB/ExbD. Residues shown in red are conserved.
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S155!H20 (near G151)!T148!H20 (near G144)!
D25. T181 is fully conserved in both ExbB/ExbD/TonB
and MotA/MotB. Consequently, the hydroxyl group of its
side chain renders it appropriate for accepting or donating a
proton. The next residue to comprise the pathway is S155 in
helix 3. There are no large hydrophobic residues at this
position in the various MotA and ExbB proteins from other
bacterial species. For example, in MotA from Vibrio para-
haemolyticus, the corresponding residue is Thr. In the Bacil-
lus megaterium MotA, the correspondent residue is Met,
which might form a weak hydrogen bond with an appropriate
H-donating atom. In other species, Ala is present. Ala may
permit inclusion of a nearby water molecule for participation
in proton transfer. The remaining proposed residues in the
pathway are: (1) The fully conserved G151; water near this
residue could act as hydrogen donor/acceptor. (2) T148; this
residue could accept the H+ from water and pass it to the next
residue. It is well conserved in all ExbB proteins, and its
counterpart in MotA is either Thr or Ala. The latter residue
could allow accommodation of a water molecule. (3) Near the
fully conserved G144, a water molecule could then accept the
H+. Finally, (4) the proton could be transferred to D25 in
ExbD before being passed into the cytoplasm.Fig. 8. One proposed pathway for H+ transport in the ExbB/ExbD complex.
Residues indicated in red are conserved.3.6. An alternative pathway involving TonB
The proton transfer pathway described above utilizes
residues in three a-helices, all of which are well conserved
in both ExbB/ExbD and MotA/MotB. The following model
includes residues in the transmembrane helix of TonB in the
proposed H+ transfer pathway. This pathway is: T181 (helix
3 of ExbB)!H2O (near G184 in helix 3 of ExbB)!H20 in
TonB! S16 in TonB!H2O (near A188 in helix 3 of
ExbB)!T148 in helix 2 of ExbB!H2O (near G144 in
helix 2 of ExbB)!D25 in ExbD! cytoplasm (Fig. 9). All
of the residues that are suggested to comprise the pathway
are conserved in the TonB/ExbB/ExbD complex. Although
A188 is not conserved in MotA, its counterpart is the small-
sized Ala, Gly, Thr or Cys that can either act as a component
of a hydrogen-bonding network or accommodate water. This
pathway is unique in that it incorporates the TonB protein.
TonB may thus become energized as a constituent of the
channel due to a conformational change that is transmitted to
the outer membrane receptor where opening of the outer
membrane channel allows for molecular import.4. Conclusions
The stator of the flagellar motor is a complex composed in
part of MotA/MotB, and this complex, which translocates
protons in response to thepmf, isused to rotate the flagellum.A
second complex of membrane proteins, ExbB/ExbD/TonB,
must similarly act as a proton transfer channel to energize
transport of iron siderophores, vitamin B12 and other mole-
cules across the outer membrane (see Introduction).We noted
that the putative channels within these two systems exhibit
certain similarities. Of particular note were residues in the
Y.F. Zhai et al. / Biochimica et Biophysica Acta 1614 (2003) 201–210208second and third TMSs of ExbB and the single TMS in ExbD.
They resemble the third and fourthTMSsofMotAand theonly
TMS ofMotB. A 3-D structural model for the five transmem-
brane helices of ExbB/ExbD/TonB was obtained based on
experimental data for the MotA and MotB protein complex.
The theoretical model shows well-defined tilt angles for the
five transmembrane a-helices. Residues that probably play
functional roles were described, and two cation-translocating
pathways were proposed. These analyses should serve as
guides for the design of further experiments aimed at defining
the mechanism of action of the energizing complex for outer
membrane transport.Acknowledgements
We wish to thank Rikki Hvorup for conducting some of
the statistical analyses for the MotA/ExbB comparisons, and
both Mary Beth Hiller and Milda Simonaitis for their
assistance in the preparation of this manuscript. Work in the
authors’ laboratory was supported by NIH grants GM55434
and GM64368 from the National Institute of General
Medical Sciences.References
[1] D.F. Blair, How bacteria sense and swim, Annu. Rev. Microbiol. 49
(1995) 489–522.
[2] D.J. DeRosier, The turn of the screw: the bacterial flagellar motor,
Cell 93 (1998) 17–20.
[3] R.M. Macnab, Genetics and biogenesis of bacterial flagella, Annu.
Rev. Genet. 26 (1992) 131–158.
[4] A.G. Garza, L.W. Harris-Haller, R.A. Stoebner, M.D. Manson, Mo-
tility protein interactions in the bacterial flagellar motor, Proc. Natl.
Acad. Sci. U. S. A. 92 (1995) 1970–1974.
[5] A.N. Glagolev, V.P. Skulachev, The proton pump is a molecular en-
gine of motile bacteria, Nature (Lond.) 272 (1978) 280–282.
[6] S.H. Larsen, J. Adler, J.J. Gargus, R.W. Hogg, Chemomechanical cou-
pling without ATP: the source of energy for motility and chemotaxis in
bacteria, Proc. Natl. Acad. Sci. U. S. A. 71 (1974) 1239–1243.
[7] P. Mitchell, Bacterial flagellar motors and osmoelectric molecular
rotation by an axially transmembrane well and turnstile mechanism,
FEBS Lett. 176 (1984) 287–294.
[8] B. Stolz, H.C. Berg, Evidence for interactions between MotA and
MotB, torque-generating elements of the flagellar motor of Escher-
ichia coli, J. Bacteriol. 173 (1991) 7033–7037.
[9] J. Zhou, S.A. Lloyd, D.F. Blair, Electrostatic interactions between
rotor and stator in the bacterial flagellar motor, Proc. Natl. Acad.
Sci. U. S. A. 95 (1998) 6436–6441.
[10] Y. Asai, I. Kawagishi, R.E. Sockett, M. Homma, Hybrid motor with
H+- and Na+-driven components can rotate Vibrio polar flagella by
using sodium ions, J. Bacteriol. 181 (1999) 6332–6338.
[11] Y. Asai, T. Shoji, I. Kawagishi, M. Homma, Cysteine-scanning muta-
genesis of the periplasmic loop regions of PomA, a putative channel
component of the sodium-driven flagellar motor in Vibrio alginolyti-
cus, J. Bacteriol. 182 (2000) 1001–1007.
[12] B.R. Boles, L.L. McCarter, Insertional inactivation of genes encoding
components of the sodium-type flagellar motor and switch of Vibrio
parahaemolyticus, J. Bacteriol. 182 (2000) 1035–1045.
[13] N. Hirota, Y. Imae, Na+-driven flagellar motors of an alkalophilic
Bacillus strain YN-1, J. Biol. Chem. 258 (1983) 10577–10581.[14] Y. Magariyama, S. Sugiyama, K. Muramoto, Y. Maekawa, I. Kawa-
gishi, Y. Imae, S. Kudo, Very fast flagellar rotation, Nature 371
(1994) 752.
[15] K. Sato, M. Homma, Functional reconstitution of the Na+-driven
polar flagellar motor component of Vibrio alginolyticus, J. Biol.
Chem. 275 (2000) 5718–5722.
[16] S.R. Caplan, M. Kara-Ivanov, The bacterial flagellar motor, Int. Rev.
Cyt. 147 (1993) 97–164.
[17] S.M. Van Way, E.R. Hosking, T.F. Braun, M.D. Manson, Mot protein
assembly into the bacterial flagellum: a model based on mutational
analysis of the motB gene, J. Mol. Biol. 297 (2000) 7–24.
[18] L.L. McCarter, Polar flagellar motility of the Vibrionaceae, Microbiol.
Mol. Biol. Rev. 65 (2001) 445–462.
[19] D.F. Blair, H.C. Berg, The MotA protein of E. coli is a proton-con-
ducting component of the flagellar motor, Cell 60 (1990) 439–449.
[20] D.F. Blair, H.C. Berg, Mutations in the MotA protein of Escherichia
coli reveal domains critical for proton conduction, J. Mol. Biol. 221
(1991) 1433–1442.
[21] T.F. Braun, S. Poulson, J.B. Gully, J.C. Empey, S. Van Way, A.
Putnam, D.F. Blair, Function of proline residues of MotA in torque
generation by the flagellar motor of Escherichia coli, J. Bacteriol. 181
(1999) 3542–3551.
[22] J. Zhou, L.L. Sharp, H.L. Tang, S.A. Lloyd, S. Billings, T.F. Braun,
D.F. Blair, Function of protonatable residues in the flagellar motor of
Escherichia coli: a critical role for Asp32 of MotB, J. Bacteriol. 180
(1998) 2729–2735.
[23] T. Yorimitsu, Y. Sowa, A. Ishijima, T. Yakushi, M. Homma, The
systematic substitutions around the conserved charged residues of
the cytoplasmic loop of Na+-driven flagellar motor component PomA,
J. Mol. Biol. 320 (2002) 403–413.
[24] G.E. Dean, R.M. Macnab, J. Stader, D. Matsumura, C. Burke, Gene
sequence and predicted amino acid sequence of the motA protein, a
membrane-associated protein required for flagellar rotation in Escher-
ichia coli, J. Bacteriol. 159 (1984) 991–999.
[25] S. Kojima, M. Kuroda, I. Kawagishi, M. Homma, Random mutagen-
esis of the pomA gene encoding a putative channel component of the
Na+-driven polar flagellar motor of Vibrio alginolyticus, Microbiol-
ogy 145 (1999) 1759–1767.
[26] J. Stader, P. Matsumura, D. Vacante, G.E. Dean, R.M. Macnab, Nu-
cleotide sequence of the Escherichia coli motB gene and site-limited
incorporation of its product into the cytoplasmic membrane, J. Bac-
teriol. 166 (1986) 244–252.
[27] S.Y. Chun, J.S. Parkinson, Bacterial motility: membrane topology of
the Escherichia coli MotB protein, Science 239 (1988) 276–278.
[28] R. DeMot, J. Vanderleyden, The C-terminal sequence conservation
between OmpA-related outer membrane proteins and MotB suggests
a common function in both Gram-positive and Gram-negative bacte-
ria, possibly in the interaction of these domains with peptidoglycan,
Mol. Microbiol. 12 (1994) 333–334.
[29] W. Busch, M.H. Saier Jr., The Transporter Classification (TC) Sys-
tem, 2002, CRC Crit. Rev. Biochem. Mol. Biol. 37 (2002) 287–337.
[30] M.H. Saier Jr., A functional/phylogenetic classification system for
transmembrane solute transporters, Microbiol. Mol. Biol. Rev. 64
(2000) 354–411.
[31] T. Yorimitsu, M. Homma, Na+-driven flagellar motor of Vibrio, Bio-
chim. Biophys. Acta 1505 (2001) 82–93.
[32] T.F. Braun, D.F. Blair, Targeted disulfide cross-linking of the MotB
protein of Escherichia coli: evidence for two H+ channels in the stator
complex, Biochemistry 40 (2001) 13051–13059.
[33] K. Sato, M. Homma, Multimeric structure of PomA, a component of
the Na+-driven polar flagellar motor of Vibrio alginolyticus, J. Biol.
Chem. 275 (2000) 20223–20228.
[34] E. Cascales, R. Lloube`s, J.N. Sturgis, The TolQ-TolR proteins ener-
gize TolA and share homologies with the flagellar motor proteins
MotA-MotB, Mol. Microbiol. 42 (2001) 795–807.
[35] M.H. Saier Jr., Tracing pathways of transport protein evolution, Mol.
Microbiol. 48 (2003) 1145–1156.
Y.F. Zhai et al. / Biochimica et Biophysica Acta 1614 (2003) 201–210 209[36] S. Kojima, D.F. Blair, Conformational change in the stator of the
bacterial flagellar motor, Biochemistry 40 (2001) 13041–13050.
[37] G.D. Biswas, J.E. Anderson, P.F. Sparling, Cloning and functional
characterization of Neisseria gonorrhoeae tonB, exbB and exbD
genes, Mol. Microbiol. 24 (1997) 169–179.
[38] V. Braun, M. Braun, Iron transport and signaling in Escherichia coli,
FEBS Lett. 529 (2002) 78–85.
[39] G.P. Jarosik, I. MacIver, L.D. Cope, E.J. Hansen, Utilization of trans-
ferrin-bound iron by Haemophilus influenzae requires an intact tonB
gene, Infect. Immun. 63 (1995) 710–713.
[40] I. Stojiljkovic, N. Srinivasan, Neisseria meningitidis tonB, exbB, and
exbD genes: ton-dependent utilization of protein-bound iron in Neis-
seriae, J. Bacteriol. 179 (1997) 805–812.
[41] G.P. Jarosik, J.D. Sanders, L.D. Cope, U. Muller-Eberhard, E.J. Han-
sen, A functional tonB gene is required for both utilization of heme
and virulence expression by Haemophilus influenzae Type B, Infect.
Immun. 62 (1994) 2470–2477.
[42] A.G. Torres, S.M. Payne, Haem iron-transport system in enterohae-
morrhagic Escherichia coli O157:H7, Mol. Microbiol. 23 (1997)
825–833.
[43] M.L. Nicholson, B. Beall, Disruption of tonB in Bordetella bronchi-
septica and Bordetella pertussis prevents utilization of ferric sidero-
phores, haemin and haemoglobin, as iron sources, Microbiology 145
(1999) 2453–2461.
[44] S.K. Buchanan, B.S. Smith, L. Venkatramani, D. Xia, L. Esser, M.
Palnitkar, R. Chakraborty, D. van der Helm, J. Deisenhofer, Crystal
structure of the outer membrane active transporter FepA from Escher-
ichia coli, Nat. Struct. Biol. 6 (1999) 56–63.
[45] G.E. Fanucci, N. Cadieux, C.A. Piedmont, R.J. Kadner, D.S. Cafiso,
Structure and dynamics of the h-barrel of the membrane transporter
BtuB by site-directed spin labeling, Biochemistry 41 (2002)
11543–11551.
[46] P. Godoy, M.I. Ramos-Gonza´lez, J.L. Ramos, Involvement of the
TonB system in tolerance to solvents and drugs in Pseudomonas
putida DOT-T1E, J. Bacteriol. 183 (2001) 5285–5292.
[47] Q. Zhao, K. Poole, Differential effects of mutations in tonB1 on
intrinsic multidrug resistance and iron acquisition in Pseudomonas
aeruginosa, J. Bacteriol. 184 (2002) 2045–2049.
[48] L. Journet, E. Bouveret, A. Rigal, R. Lloubes, C. Lazdunski, H.
Be´ne´detti, Import of colicins across the outer membrane of Escher-
ichia coli involves multiple protein interactions in the periplasm, Mol.
Microbiol. 42 (2001) 331–344.
[49] V. Braun, Energy-coupled transport and signal transduction through
the Gram-negative outer membrane via TonB-ExbB-ExbD dependent
receptor proteins, FEMS Microbiol. Rev. 16 (1995) 295–307.
[50] P.I. Higgs, P.S. Myers, K. Postle, Interactions in the TonB-dependent
energy transduction complex: ExbB and ExbD form homomultimers,
J. Bacteriol. 180 (1998) 6031–6038.
[51] R.A. Larsen, M.G. Thomas, K. Postle, Proton motive force, ExbB and
ligand-bound FepA drive conformational changes in TonB, Mol. Mi-
crobiol. 31 (1999) 1809–1824.
[52] P.I. Higgs, R.A. Larsen, K. Postle, Quantification of known compo-
nents of the Escherichia coli TonB energy transduction system: TonB,
ExbB, ExbD and FepA, Mol. Microbiol. 44 (2002) 271–281.
[53] A.D. Ferguson, E. Hofmann, J.W. Coulton, K. Diederichs, W. Welte,
Siderophore-mediated iron transport: crystal structure of FhuA with
bound lipopolysaccharide, Science 282 (1998) 2215–2220.
[54] J.C. Lazzaroni, J.C. Germon, M.-C. Ray, A. Vianney, The Tol pro-
teins of Escherichia coli and their involvement in the uptake of bio-
molecules and outer membrane stability, FEMS Microbiol. Lett. 177
(1999) 191–197.
[55] T.E. Letain, T.E. Postle, TonB protein appears to transduce energy by
shuttling between the cytoplasmic membrane and the outer membrane
in Escherichia coli, Mol. Microbiol. 24 (1997) 271–283.
[56] R.A. Larsen, D. Foster-Hartnett, M.A. McIntosh, K. Postle, Regions
of Escherichia coli TonB and FepA proteins essential for in vivo
physical interactions, J. Bacteriol. 179 (1997) 3213–3221.[57] G.S. Moeck, J.W. Coulton, K. Postle, Cell envelope signaling in
Escherichia coli. Ligand binding to the ferrichrome-iron receptor
fhua promotes interaction with the energy-transducing protein TonB,
J. Biol. Chem. 272 (1997) 28391–28397.
[58] P.R. Reynolds, G.P. Mottur, C. Bradbeer, Transport of vitamin B12 in
Escherichia coli. Some observations on the roles of the gene products
of BtuC and TonB, J. Biol. Chem. 255 (1980) 4313–4319.
[59] M. Tuckman, M.S. Osburne, In vivo inhibition of TonB-dependent
processes by a TonB box consensus pentapeptide, J. Bacteriol. 174
(1992) 320–323.
[60] K. Kampfenkel, V. Braun, Topology of the ExbB protein in the cy-
toplasmic membrane of Escherichia coli, J. Biol. Chem. 268 (1993)
6050–6057.
[61] K. Kampfenkel, V. Braun, Membrane topology of the Escherichia
coli ExbD protein, J. Bacteriol. 174 (1992) 5485–5487.
[62] B.M.M. Ahmer, M.G. Thomas, R.A. Larsen, K. Postle, Character-
ization of the exbBD operon of Escherichia coli and the role of ExbB
and ExbD in TonB function and stability, J. Bacteriol. 177 (1995)
4742–4747.
[63] C. Bradbeer, The proton motive force drives the outer membrane
transport of cobalamin in Escherichia coli, J. Bacteriol. 175 (1993)
3146–3150.
[64] J.T. Skare, B.M.M. Ahmer, C.L. Seachord, R.P. Darveau, K. Postle,
Energy transduction between membranes. TonB, a cytoplasmic mem-
brane protein, can be chemically cross-linked in vivo to the outer
membrane receptor FepA, J. Biol. Chem. 268 (1993) 16302–16308.
[65] V. Braun, S. Gaisser, C. Herrmann, K. Kampfenkel, H. Killmann, I.
Traub, Energy-coupled transport across the outer membrane of Escher-
ichia coli: ExbB binds ExbD and TonB in vitro, and leucine 132 in the
periplasmic region and aspartate 25 in the transmembrane region are
important for ExbD activity, J. Bacteriol. 178 (1996) 2836–2845.
[66] I. Traub, S. Gaisser, V. Braun, Activity domains of the TonB protein,
Mol. Microbiol. 8 (1993) 409–423.
[67] E. Fischer, K. Gu¨nter, V. Braun, Involvement of ExbB and TonB in
transport across the outer membrane of Escherichia coli: phenotypic
complementation of exb mutants by overexpressed tonB and physical
stabilization of TonB by ExbB, J. Bacteriol. 171 (1989) 5127–5134.
[68] J.F. Dubuisson, A. Vianney, J.C. Lazzaroni, Mutational analysis of the
TolA C-terminal domain of Escherichia coli and genetic evidence for
an interaction between TolA and TolB, J. Bacteriol. 184 (2002)
4620–4625.
[69] A.M. Prouty, J.C. Van Velkinburgh, J.S. Gunn, Salmonella enterica
serovar typhimurium resistance to bile: identification and character-
ization of the tolQRA cluster, J. Bacteriol. 184 (2002) 1270–1276.
[70] A. Walburger, C. Lazdunski, Y. Corda, The Tol/Pal system function
requires an interaction between the C-terminal domain of TolA and
the N-terminal domain of TolB, Mol. Microbiol. 44 (2002) 695–708.
[71] P. Germon, M.-C. Ray, A. Vianney, J.C. Lazzaroni, Energy-dependent
conformational change in the TolA protein of Escherichia coli in-
volves its N-terminal domain, TolQ, and TolR, J. Bacteriol. 183
(2001) 4110–4114.
[72] L.L. Sharp, J.D. Zhou, D.F. Blair, Features of MotA proton channel
structure revealed by tryptophan-scanning mutagenesis, Proc. Natl.
Acad. Sci. U. S. A. 92 (1995) 7946–7956.
[73] L.L. Sharp, J.D. Zhou, D.F. Blair, Tryptophan-scanning mutagenesis
of MotB, an integral membrane protein essential for flagellar rotation
in Escherichia coli, Biochemistry 34 (1995) 9166–9171.
[74] T. Yorimitsu, Y. Asai, K. Sato, M. Homma, Intermolecular cross-link-
ing between the periplasmic loop3-4 regions of PomA, a component
of the Na+-driven flagellar motor of Vibrio alginolyticus, J. Biol.
Chem. 275 (2000) 31387–31391.
[75] M.H. Saier Jr., Enzymes in Metabolic Pathways. A Comparative
Study of Mechanism, Structure, Evolution, and Control, Harper &
Row Publishers, New York, 1987.
[76] J. Devereux, P. Hasberli, O. Smithies, A comprehensive set of se-
quence analysis programs for the VAX, Nucleic Acids Res. 12 (1984)
387–395.
Y.F. Zhai et al. / Biochimica et Biophysica Acta 1614 (2003) 201–210210[77] J.D. Thompson, T.J. Gibson, F. Plewniak, F. Jeanmougin, D.G. Hig-
gins, The CLUSTAL_X windows interface: flexible strategies for
multiple sequence alignment aided by quality analysis tools, Nucleic
Acids Res. 25 (1997) 4876–4882.
[78] J. Felsenstein, PHYLIP-phylogeny inference package (version 3.2),
Cladistics 5 (1989) 164–166.
[79] D.-F. Feng, R.F. Doolittle, Progressive alignment and phylogenetic
tree construction of protein sequences, Methods Enzymol. 13 (1990)
375–387.
[80] S.F. Altschul, T.L. Madden, A.A. Schaffer, J. Zhang, Z. Zhang, W.
Miller, D.J. Lipman, Gapped BLAST and PSI-BLAST: a new gener-
ation of protein database search programs, Nucleic Acids Res. 25
(1997) 3389–3402.
[81] S.L. Lin, B. Yan, Three-dimensional model of sensory rhodopsin Ireveals important restraints between the protein and the chromophore,
Protein Eng. 10 (1997) 197–206.
[82] Y. Zhai, W.H.M. Heijne, D.W. Smith, M.H. Saier Jr., Homologues of
archaeal rhodopsins in plants, animals and fungi: structural and func-
tional predications for a putative fungal chaperone protein, Biochim.
Biophys. Acta 1511 (2001) 206–223.
[83] M. Meister, S.R. Caplan, H.C. Berg, Dynamics of a tightly coupled
mechanism for flagellar rotation. Bacterial motility, chemiosmotic
coupling, proton motive force, Biophys. J. 55 (1989) 905–914.
[84] C. Elkins, P.A. Totten, B. Olsen, C.E. Thomas, Role of the Haemo-
philus ducreyi Ton system in internalization of heme from hemoglo-
bin, Infect. Immun. 66 (1998) 151–160.
[85] D.F. Blair, D.Y. Kim, H.C. Berg, Mutant MotB proteins in Escher-
ichia coli, J. Bacteriol. 179 (1991) 4049–4055.
